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Polymorphonuclear leukocytes increase glomerular albumin
permeability via hypohalous acid
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Polymorphonuclear leukocytes increase glomerular albumin perme-
ability via hypohalous acid. Acute glomerulonephritis is characterized by
the presence of neutrophils within glomeruli and the generation of
reactive oxygen species (ROS) by activated polymorphonuclear leukocytes
(PMNs). Hydrogen peroxide (H202) and other ROS including hypohalous
acids have been implicated in PMN mediated injury. To determine the
role of specific ROS in PMN mediated glomerular injury, isolated rat
glomeruli were incubated for 30 minutes at 37°C with H202, with H202
and myeloperoxidase, or with activated PMNs. Scavengers of ROS were
included in some experiments. PMNs were harvested from rat peritoneal
cavity and activated with phorbol myristate acetate (PMA). Glomerular
albumin permeability (Polhumjn) was calculated from the volume response
to an oncotic gradient. atbmi ofglomeruli incubated with H202 (10 or
10_i M) was not increased, while albun,in after incubation with H202 and
MPO was markedly increased (0.94 0.004). albumi after incubation
with PMA, or with non-activated PMNs was not different from that of
control glomeruli. aJbumin of the glomeruli incubated with activated PMNs
increased (0.85 0.01, P < 0.001). This increase in aIhun,in was inhibited
by superoxide dismutase, catalase, or taurine (Plbumin 0.035 0.06,
—0.39 0.10, 0.028 0.06, respectively) and ameliorated by sodium azide
(PaIb,,,in = 0.21 0.03). In contrast, dimethyl sulfoxide did not prevent
the increase in 'albumio (1aIbumin = 0.92 0.01). Our results show that the
hypohalous acid derived from that of H202-MPO-halide system is capable
of increasing album., We conclude that hypohalous acid may be the
primary mediator of the immediate increase in glomerular protein per-
meability induced by PMNs.
Glomerular infiltration by neutrophils is characteristic of acute
glomerulonephritis [1, 2]. Proteinuria resulting from neutrophil
mediated glomerular injury has been documented in experimental
models of inflammatory glomerular disease including the heter-
ologous phase of nephrotoxic serum nephritis [3, 4] and immune
complex nephritis following the sequential infusion of concanava-
un A and anti-concanavaliri A antibodies [51. Neutrophil depen-
dent injury also occurs after intrarenal infusion of phorbol
myristate acetate (PMA) which causes local activation of neutro-
phils [6], or of cobra venom factor, which causes local complement
activation and consequent neutrophil chemotaxis [7, 8]. In each of
these models, neutrophil depletion markedly diminishes or pre-
vents proteinuria. The acute injury to the filtration barrier which
results in proteinuria appears to be dependent on one or more
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oxygen radicals because scavengers of oxygen radicals also reduce
proteinuria. In additional experiments, myeloperoxidase (MPO),
an enzyme found in neutrophils and essential to the production of
hypohalous acid from H202 and halide ions, was shown to localize
in the capillary wall. In these experiments, administration of MPO
followed by infusion of H202 resulted in injury to the capillary
wall and proteinuria [9, 10].
We have previously employed in vitro studies of isolated
glomeruli to show that superoxide is able to cause an immediate
and marked increase in albumin permeability and that activated
macrophages increase albumin permeability through the genera-
tion of superoxide [111. In the current studies, we used the isolated
glomerulus to address three experimental questions: first, whether
H202 alone or in combination with MPO was able to increase
protein permeability; second, whether activated neutrophils could
induce similar injury; and third, which neutrophil-derived oxygen
radicals were most important in mediating immediate injury to the
capillary permeability barrier.
Methods
Isolation of glomeruli
Normal Sprague-Dawley rats (180 to 250 g body wt) maintained
on Purina chow and water were used in all experiments. Rats were
anesthetized with metaphane and kidneys were removed asepti-
cally. Glomeruli were isolated in 4% BSA containing isolation
medium from the outer 1 to 2 mm of renal cortex using standard
sieving technique as described previously [12]. Following isola-
tion, glomeruli were incubated in fresh medium identical to the
isolation medium. Isolation and incubation medium contained, in
mmoles/liter: sodium chloride, 108; potassium phosphate, 2.5;
sodium bicarbonate, 25; magnesium sulfate, 1.2; calcium chloride,
2.0; sodium citrate, 1.0; sodium lactate, 4.0; L-alanine, 6.0; and
glucose, 5.3. The oncotic content of the medium was due to 4 gldl
of bovine serum albumin (BSA) in isolation and incubation
medium. The pH of the medium was adjusted to 7.4 by bubbling
with 95% °2/% CO2 prior to use. For measurements of albumin
permeability, medium was replaced with medium containing I g/dl
of BSA (vide infra). The oncotic pressure of each medium was
measured using a membrane oncometer (Wescor, Inc., Model
4100, Logan Utah, USA).
Isolation and activation of neutrophils
Normal male Sprague-Dawley rats weighing 250 to 300 g were
used for isolation of neutrophils. Sodium caseinate (10% solution,
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10 ml, Sigma Chemical Co, St. Louis, Missouri, USA) was injected
intraperitoneally. The peritoneal cavity was lavaged 16 to 18 hours
later using 40 ml of 0.9 gIdl NaC1 solution containing 0.005%
heparin. The fluid obtained by peritoneal lavage was centrifuged
at 1500 rpm for 10 minutes and the pellet was washed twice with
Hanks balanced salt solution (Sigma Chemical Co.) and cell
concentration was adjusted to 5 X 107/ml. The purity and viability
of PMNs were tested using Wright's stain and trypan blue, re-
spectively. PMNs used in these studies were > 95% pure and > 97%
viable. PMNs, 5 X 106/ml, were activated by incubation with
PMA, 1 .rg/ml, for one hour at 37°C.
Incubation of glomeruli with H202 or activated PMNs
Isolated giomeruli were incubated with H202, MPO, PMA 1
.g/ml, and with non-activated or activated PMNs for 30 minutes
at 37°C. ROS scavengers or inhibitors of MPO were included in
some experiments. H202 was used in concentrations of i0 to
10_i these concentrations were verified using a H202/horse-
radish peroxidase/phenol red system [131. Control glomeruli without
activated PMNs and with or without ROS scavengers were also
incubated for 30 minutes at 37°C.
Scavengers and inhibitors of reactive oxygen species
All chemicals used in this study were obtained from Sigma
Chemical Co. The concentration of scavengers and inhibitors used
were: superoxide dismutase (SOD), 250 U/mi; catalase, 25 g/ml;
dimethyl sulfoxide (DMSO), 50 mM; sodium azide, i0 M
EDTA, 50 mM; taurine, 50 mM. Myeloperoxidase (MPO) was used
at a concentration of 2.5 U/mi.
Measurement of glomerular volume change and calculation
of /bumw and
Isolated glomeruli in medium containing 4 g/dl BSA were
allowed to adhere to poly-L-lysine (1 mg/mi) coated coverslips
and observed using videomicroscopy. After an initial period of
observation, the medium was replaced with fresh medium con-
taining 1 g/dl BSA. Volume changes in glomeruli consequent to
this applied oncotic gradient occurred within five seconds and
were maintained for at least several minutes in both control and
experimental conditions. Initial and final volume of each glomer-
ulus was calculated from the average diameter measured from the
video monitor and the relative volume change (AV) was calcu-
lated. At least five glomeruli from each of a minimum of five rats
were studied in each experimental condition.
The rationale and calculations for the measurement of 0,lbumin
using the relationship between glomerular volume response and
albumin oncotic gradient of control and experimental glomeruli
have been detailed in our earlier studies [14]. Isolated non-
perfused glomeruli exhibit a volumetric response to oncotic
gradients. We have shown that there is a direct relationship
between the increase in glomerular volume (zV) and the oncotic
gradient (MT) applied across the capillary wall. The slope of this
relationship is determined by the reflection coefficient of the
solute employed. We used this principle to calculate reflection
coefficient of albumin (Oa1bumjfl) using the ratio of V of experi-
mental to control glomeruli in response to identical albumin
gradients. This calculation is possible because 0alh,,ruin of control
glomeruli is equal to 1.0 [14]. Glomerular volume was measured
Fig. 1. Effect of incubation with H202 and myeloperoxidase fl of
isolated rat glomeruli. Isolated glomeruli were incubated for 30 minutes at
37°C with H202, 10 M (N = 25), with MPO, 2.5 U/mI (N 15), with
both H202 and MPO (N = 25) at the same concentrations, or with H202,
MPO, and taurine 50 mM (N 15). ajbumjn was calculated from the
relative volume increase in response to an albumin oncotic gradient of 16
mm Hg. Only incubation with H202 and MPO increased abumin Taurine
completely prevented the increase in 'aIburnin Bars represent the average
11olbumin and error bars, the standard error of the mean. ' indicates an
average value different from control, P < 0.01.
before and within 30 seconds after replacing isolation medium,
which contained 4 g/dl BSA with medium containing 1 g/di BSA.
aIbumin =
Convectional permeability for albumin was defined as albumin
(1 — 0Ibumin).
Measurements of reactive oxygen species
The generation of superoxide by suspensions of glomeruli and
PMNs was monitored during incubations carried out in parallel to
incubations employed for permeability studies. These solutions
contained 50 m cytochrome c in addition to the other constitu-
ents. Superoxide production was determined by the superoxide
dismutase inhibitable reduction of cytochrome c [15]. H202
generation was monitored by horseradish peroxidase-mediated
oxidation of phenol red [13].
Statistics
Average albumin permeability for each experimental treatment
was calculated using values for each glomerulus. Group averages
were compared using one way ANOVA and Newman-Keuls test
for significance. Probability < 0.05 was taken as significant.
Average values for superoxide and H202 production were calcu-
lated using values for each experiment and, in these cases, N is the
number of experiments performed. Values in text, tables, and
figures are expressed as mean standard error of the mean.
Results
Results of incubation of glomeruli with H202 or with H202 and
MPO are shown in Figure 1. aIbumjn of glomeruli incubated for
up to 30 minutes at 37°C with H202 at concentrations of i0 or
lO M was not increased compared to ajhum,n of control
glomeruli. Incubation with MPO also had no effect on ajbm,• In
contrast, incubation with both H202 and MPO in presence of
chloride in the medium increased 1aIhum,n significantly. The
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Fig. 2. Effect of incubation with PMNs on of isolated rat glomeruli.
Glomeruli were incubated in medium containing PMA, 1 sgIml, for 30
minutes and albumin was measured as above (N 70). PMNs were
activated by incubation for 1 hour with PMA, 1 jsglml, prior to the
beginning of the incubation. Non-activated PMNs did not undergo this
pre-incubation. Non-activated or activated PMNs, 5 x 106/ml were
included in the incubation as indicated (N = 85 in each condition). Only
incubation with activated PMNs increased aIbumn Bars represent the
average albumin and error bars, the standard error of the mean. * indicates
an average value different from control, P < 0.01.
inclusion of taurine in the incubation medium completely blocked
the effect of H202-MPO-Cl on
Incubation of glomeruli with PMA-activated PMNs resulted in
a significant increase in albumin In contrast, 1aIbumin of glomeruli
incubated either with non-activated PMNs or with PMA alone
were not different from control glomeruli. These results are shown
in Figure 2. In three experiments, 30 minute incubation of PMNs
with PMA resulted in the production of 3.44 2.33 nmol/106 cells
of 02 and 5.75 2.47 nmol/106 cells of H202. Incubation of
isolated glomeruli with PMA alone did not result in measurable
production of 02 or H202.
Results of studies in which glomeruli were incubated with
activated PMNs and oxygen radical scavengers or enzyme inhib-
itors are shown in Table 1. The increase in 1a1bumin induced by
activated PMNs was completely blocked by SOD, catalase, or
taurine and was markedly ameliorated by sodium azide but was
not altered by DMSO.
Discussion
In the current study we used isolated non-perfused rat glomer-
uli to examine the immediate effect of activated PMNs and of
oxygen radicals on albumin permeability. This method allows us to
study the role of individual ROS iii modulation of albumin
permeability in a system that is independent of hemodynamic
forces or changes in plasma composition [11, 141. Incubation of
glomeruli with H202 alone was not sufficient to cause a measur-
able increase in a1humin during in vitro incubation. This finding
indicates that neither H202 itself nor other oxygen radicals
formed by non-enzymatic degradation of H202 have potent
immediate effects on the glomerular capillary. The addition of
MPO and H202 to the incubation medium resulted in a marked
increased in a1bumin' In this incubation system, the reaction
between hydroxyl ion, derived from H202, and chloride ion is
catalyzed by MPO. We have interpreted these results as support
for the thesis that HOC! has the capacity to cause immediate
injury to the capillary filtration barrier.
Incubation of isolated rat glomeruli with activated PMNs also
Table 1. Effect of oxygen radical scavengers or enzyme inhibitors on
the increase in aIbumin following incubation of isolated glomeruli with
activated neutrophils
Experimental condition N glomeruli aIbumin SEM
Control 85 0.00 001b
Activated PMN 85 0.85 0.01
Activated PMN + SOD 30 0.04 006b
Activated PMN + catalase 23 —0.25 010th
Activated PMN + sodium azide 40 0.21 0.03"
Activated PMN + taurine 35 0.03 0.06"
Activated PMN + DMSO 30 0.92 0.Ola
Glomeruli were incubated for 30 minutes at 37*C in medium with
activated PMNs and inhibitors or scavengers as indicated. *Ibumin was
calculated using average volume increment of glomeruli incubated under
the same conditions without PMNs or inhibitors.
a 1aIbumin different from Control, P < 0.01
b 'aIbumi,, different from Activated PMN, P < 0.01
resulted in a marked increase in 'a1bumin This increase in 'alhumin
by activated PMNs was blocked by superoxide dismutase; these
results, are consistent with the interpretation that either superox-
ide or a ROS derived from superoxide is required. Catalase also
prevented the increase in 1a1bumin Thus, H202 or a metabolite of
H202 rather than superoxide appears to be the active species in
these studies. In contrast to studies of others [4], the increase in
albuniin by activated PMNs was not blocked by DMSO, a scaven-
ger of the 0H radical. This finding is consistent with the
interpretation that hydroxyl radicals themselves are not required
to increase a1bumin in our system. The findings that the effect of
activated PMNs was also blocked by taurine, a scavenger of HOC1
and was diminished by sodium azide, an inhibitor of MPO,
implicate the activity of MPO and indicate that HOC1 is a potent
mediator of acute neutrophil mediated injury to the permeability
barrier.
Neutrophil accumulation within glomeruli is prominent in acute
glomerulonephritis. The essential role of neutrophil mediated
injury was shown in early studies of nephrotoxic serum nephritis
[16, 17]. In these studies, the degree of proteinuria was directly
proportional to the number of neutrophils and neutrophil deple-
tion prevented proteinuria. Neutrophil depletion is also effective
in ameliorating proteinuria in experimental immune complex
nephritis [5]. Intrarenal activation of PMNs by the infusion of
PMA into the renal artery produces proteinuria [6]. Intrarenal
activation of complement by intra-arterial infusion of cobra
venom factor results in neutrophil dependent proteinuria [71.
ROS have been implicated in each of these models of neutrophil-
dependent renal injury because ROS scavengers ameliorate renal
injury and proteinuria.
Upon activation, PMNs undergo a marked increase in oxidative
metabolism that results in the production of ROS including
singlet oxygen, superoxide, H202, hydroxyl ion and hypohalous
acid. Concentrations of ROS are controlled by enzymatic degra-
dation by SOD and catalase and by non-enzymatic intracellular
scavengers. If the production of ROS exceeds the capacity of the
enzymes or anti-oxidants to detoxify them, ROS can cause
destructive oxidation of cellular components including proteins,
membrane lipids and nucleic acids. These mechanisms have been
proposed as mediators of alterations in the protein permeability
harrier [18—20] and up-regulation of antioxidant capacity of
glomeruli has been shown to protect against proteinuria [19].
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The proposed roles of several ROS including superoxide anion,
H202, hydroxyl radical, and hypohalous acids (including HOC!) in
the pathogenesis of glomerular diseases have been reviewed in
detail [8, 20, 21]. The specific oxygen radical responsible for injury
in inflammatory glomerulonephritis may vary among several
experimental models. There is considerable evidence that H202
or its metabolites are important in acute neutrophil-mediated
injury to the protein permeability barrier. Proteinuria was dimin-
ished by catalase or high dose DMSO in the heterologous stage of
nephrotoxic serum nephritis while SOD was ineffective [3, 4].
These results suggested that H202 or hydroxyl radical were
required for injury. Catalase was also effective in preventing
proteinuria following intrarenal infusion of PMA or cobra venom
factor while SOD had no effect [7]. The central role occupied by
the H202-MPO-Ha!ide system in neutrophil mediated nephritis is
evidenced by the results of a series of studies in which kidneys
were perfused in situ with H202 with or without prior infusion of
MPO [9, 10]. Because of its cationic charge at physiologic pH,
MPO bound to the extracellular matrix of the glomerulus. Sub-
sequent perfusion with H202 in solutions containing chloride lead
to structural changes in the glomerular capillary wall and protein-
uria. Perfusion with H202 in the absence of MPO did not cause
glomerular injury. Investigators interpreted these results as con-
firmation that HOC! was an essential and potent mediator of
injury following generation of H202 by neutrophils and concluded
that this system may play an important role in immune complex
glomerulonephritis [5]. Although glomeruli may produce some
H202 even under control conditions [34], the infusion of MPO
alone did not cause proteinuria. The finding that isolated glomer-
uli did not produce measureable amounts of H202 and the lack of
increase in ajbumjn after incubation with MPO alone in the
current series of experiments corroborates this interpretation.
In contrast, proteinuria in conditions in which macrophages
play a primary role may be mediated by superoxide. Superoxide is
the primary ROS generated by macrophages. Macrophages also
lack MPO and thus do not produce hypohalous acids. The
importance of superoxide in glomerular disease is supported by
the finding that SOD ameliorated proteinuria in the autologous
phase of nephrotoxic serum nephritis at a stage in which mono-
cytes may have been playing an important role in the infiltrative
process [22]. In our studies of acute injury following in vitro
incubation of glomeruli with activated macrophages, the magni-
tude of the increase in aIbumn was proportional to the amount of
superoxide generated and the increase was completely prevented
by SOD but was not affected by catalase. We interpreted these
results as evidence that superoxide may be the primary ROS
responsible for damage to the albumin permeability barrier by
activated macrophages [111.
ROS may also play essential roles in neutrophil independent
glomerular injury in models of membranous nephropathy due to
anti-Fxla or infusion of cationic bovine IgG [23—25], of acute
renal failure induced by ischemia [26—28], glycerol [29], or in
injury secondary to toxins including puromycin aminonucleoside
[30—32] and aminoglycosides [33]. In these cases, ROS appear to
be generated by intrinsic renal cells and scavengers of ROS,
especially of the hydroxyl ion, provide some protection from
injury. Release of ROS by isolated glomeruli [34, 35] or cultured
mesangial cells [36, 37] has been shown. In the current experi-
ments, the volume response of glomeruli incubated for 30 minutes
with PMNs and catalase was greater than that of time controls and
the calculated was significantly less than zero (Table 1).
This finding may indicate that there is some ROS mediated injury
to the permeability barrier during incubation even in the absence
of the experimental addition of ROS. We postulate that glomer-
ular cells may be activated or damaged during isolation and that,
during incubation, ROS generated by glomeruli may be sufficient
to cause an increase in 'a1bumin Potential mechanisms of injury
other than the production of oxygen radicals by PMNs that might
play a role in acute in vitro experiments include production of
ROS by intraglomerular cells and the action of proteolytic en-
zymes derived from neutrophils or from glomerular cells. Al-
though PMA may activate mesangial or other intraglomerular
cells to produce ROS [35], glomeruli in our experiments did not
generate measurable amounts of superoxide or 11202 and 'aIbumin
was not increased after incubation of glomeruli with PMA in the
absence of neutrophils. Thus, the major part of the increase in
aIbumin after incubation with activated PMNs in these experi-
ments was due to the effect of products derived from the PMNs
rather than from glomerular cells.
Proteolytic enzymes may be released by activated neutrophils or
by glomerular cells. PMNs are known to produce elastase, cathep-
sin G, and proteinase 3, as well as metalloproteinases. The
potential role of these enzymes has recently been reviewed [381.
While such enzymes may play a role in glomerular injury in vivo,
they do not appear to be essential to acute neutrophil-mediated
injury in vitro since blocking the activity of MPO was sufficient to
completely prevent the increase in aIbumin in our studies. The
lack of effect of proteinases on the glomerular protein permeabil-
ity barrier during incubation with activated PMNs in our experi-
ments may be attributed to the fact that the incubations were not
carried out for a sufficient period to detect the action of protein-
ases. This interpretation is supported by our findings in parallel
experiments in which isolated glomeruli were incubated with
purified proteinases rather than PMNs. In these experiments
human neutrophil elastase (5 j..g/ml) had no effect during incu-
bations of up to one hour and increased oIbumin only when
incubation was carried out for at least two hours at 37°C.
Incubation with matrix metalloproteinase 3 required an even
longer period of incubation before albumin was increased [39].
Additional factors that may contribute to the lack of measurable
effect include low concentrations of enzyme in the incubation
medium and relative inaccessibility to the matrix substrate.
The cellular or biochemical effects responsible for injury to the
glomerular capillary mediated by ROS have not been rigorously
defined. The glomerular permeability barrier consists of a series
of structures including the endothelial cells, the glomerular base-
ment membrane, and the slit-pore junctions of the glomerular
epithelial cells and alterations in either cells or matrix may lead to
proteinuria. Known actions of ROS include cellular toxicity
because of oxidation of cellular lipids and proteins. These may be
sufficient to account for injury comparable to that in other
vascular beds which manifest ROS induced increased permeabil-
ity [40, 41]. In addition, specific responses of glomerular cells to
ROS including increased synthesis of prostaglandins [42] and
increased intracellular cyclic AMP [43, 44] may indicate alter-
ations in cellular functions required for maintaining cell junctions.
Finally, glomerular basement membrane degradation through the
action of metalloproteinases activated by oxygen radicals has been
shown [45]. Enzymes released by glomerular cells or by PMNs
Li et al: Hypohalous acid and glomerular permeability 1029
may degrade basement membrane and result in altered protein
permeability.
In summaiy, incubation of isolated rat glomeruli with H202
alone was not sufficient to cause an immediate increase in albumin
permeability but the addition of MPO along with H202 to the
incubation medium resulted in marked and immediate injury as
evidenced by an increase in albumin permeability. Incubation with
activated neutrophils also caused an increase in the albumin
permeability which was mediated primarily by HOC1 derived by
the activity of the H202-MPO-chloride system. We conclude that
this mechanism of injury is a likely candidate for the most
immediate changes in glomerular permeability and may contrib-
ute to the early onset of proteinuria in acute inflammatory
glomerulonephritis.
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